Accumulation of ethanol in supernatants from anaerobic cultures of Saccharomyces cerevisiae NCYC 43 1 closely paralleled growth during the early exponential phase of batch growth, and continued after growth had ceased. During the 8-64 h period of the fermentation, the intracellular ethanol concentration was greater than the extracellular concentration. Ethanol was very rapidly extracted from organisms by washing with water. During growth up to 32 h, there was a progressive decrease in fatty-acyl unsaturation in phospholipids, and a corresponding proportional increase in saturation. Thereafter, the trend was very slightly reversed. Supplementing cultures with ethanol (0.5 or 1.0 M) after 8 h incubation retarded growth rate, while supplementation with 1.5 M-ethanol immediately stopped growth. In cultures supplemented with 0.5 or 1 SO M-ethanol, viability was not lowered, but supplementation with 1 -5 M-ethanol caused a rapid decline in viability.
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Supplementation of cultures with ethanol at any of the three concentrations led to an increase in the proportion of mono-unsaturated fatty-acyl residues in cellular phospholipids, especially in CI8 residues, which was accompanied by a decrease in the proportion of saturated residues.
I N T R O D U C T I O N
Although it has been established for well over a century that strains of Saccharomyces cerevisiae, when grown under anaerobic conditions, convert a large proportion of the glucose supplied into ethanol and carbon dioxide (Pasteur, 1879) , much remains to be discovered concerning this energy-generating process. Recent research has concentrated on enzymes that catalyse reactions on the glycolytic pathway, and the manner in which ethanol affects the physiology of this yeast. It is known that S . cerevisiae synthesizes two or more isomers of several of the enzymes that catalyse reactions on the Embden-Meyerhof-Parnas pathway (Fraenkel, 198 1) . Moreover, several reports indicate that the enzymes may be membranebound (Rothstein et al., 1959; Green et al., 1965; Atkinson, 1969; Sols & Marco, 1970) , although it has yet to be demonstrated that they exist in a multi-enzyme complex as in Escherichia coli (Mowbray & Moses, 1976) .
While ethanol is well known to be capable of denaturing proteins (Cohn et al., 1950), some strains of S . cerevisiae are recognized as being among the most ethanol-tolerant of micro-organisms. However, little is known of the physiological basis for this tolerance (Rose, 1980) . Ethanol has been reported to inhibit the activity of hexokinase and a-glycerophosphate dehydrogenase, but not phosphofructokinase, in extracts of S. cerevisiae (Augustin et al., 1965; Nagodawithana et al., 1977) , although it is presumed that the inhibitory effects are less extensive than with enzymes from other micro-organisms. Work in this laboratory has focused on the importance of cell lipids in ethanol tolerance of S.
cerevisiae. Loss of viability in ethanol-containing buffered suspensions of S. cerevisiae NCYC 366 was less rapid when the organisms contained plasma membranes enriched in linoleyl rather than oleyl residues, or enriched in ergosterol or stigmasterol rather than campesterol or cholesterol (Thomas et aZ., 1978) . The same strain of S . cerevisiae was also more sensitive to inhibition of growth by ethanol when the plasma membrane was enriched in oleyl as compared with linoleyl residues, while transport systems for several solutes were inhibited to a greater extent when membranes containing the mono-unsaturated as compared with di-unsaturated residues (Thomas & Rose, 1979) .
The present paper reports on the time-course of accumulation of intracellular and extracellular ethanol in batch cultures of S. cerevisiae NCYC 431, on the effect of adding ethanol to these cultures, and on changes in the lipid composition of exponentially-growing organisms exposed to additional ethanol.
M E T H O D S
Organism. The yeast used in this study was S. cerevisiae NCYC 431, a strain isolated originally from a distillery. It was maintained on slopes of malt extracdyeast extraCt/glUCOse/mYCological Peptone (MYGP) medium (Wickerham, 1951) solidified with 2 % (w/v) agar.
Experimental cultures. Cultures (1 litre) were grown in 2-litre round flat-bottomed flasks fitted with a fermentation lock as described by Alterthum & Rose (1973) , except that they were not sparged with nitrogen gas, and were maintained in a constant temperature (30 "C) room and stirred on a flat-bed stirrer (50 rev. min-').'The medium contained (per litre): glucose 200 g, (NH4),S04 3 g, KH2P04 3 g, CaC1,. 2H2O 0.25 g, MgSO4. 7H20 0.25 g, and yeast extract (Lab M; London Analytical and Bacteriological Media, London) 4 g. After adjustment to pH 4.5 with HCl, batches were sterilized at 10 lbf in-, (68.9 kPa). Starter cultures (100 ml of the same medium in a 250 ml conical flask) were inoculated from slope cultures of the yeast and incubated at 30 "C on a Gallenkamp shaker incubator (250 rev. min-') for 16 h. A portion of starter culture, containing 10 mg dry wt equiv., was added to 1 litre of medium. Growth was followed by removing portions of culture through a Suba seal on the side of the flask and measuring the A Em, 6oo value of the sample after appropriate dilution if necessary. Absorbance readings were related to dry wt equiv. of organism, values for which were determined by filtering a portion of culture on to preweighed filters (Millipore; 0.45 pm pore size; 25 mm diam.), washing with water and drying at 105 "C for 24 h.
Organisms were harvested at the stages indicated by centrifuging cultures in an MSE High Speed 18 centrifuge at 4 "C for 1 min at 13000g.
Ethanol determinations.
The following method was developed for estimation of intracellular and extracellular ethanol. After organisms were harvested by centrifugation, the supernatant liquid was removed and a portion retained for determination of extracellular ethanol. The organisms were then resuspended in cold (4 "C) culture supernatant to 10 mg dry wt ml-'. A portion (10 ml) of the suspension was centrifuged at 27000 g for 2 min at 4 OC. The supernatant was decanted and retained for ethanol determination, the inside of the centrifuge tube was wiped dry with filter paper, and the organisms were suspended in 10 ml water. The suspension was added to 35 g glass beads (Glasperlen; B. Braun, Melsungen, F.R.G.; 0-45-0.50 mm diam.) and shaken for two periods of 30 s in a Braun homogenizer at speed 2 (4000 rev. min-'). The suspension of disrupted organisms was centrifuged, and a portion of the supernatant liquid removed for ethanol determination.
In order to calculate the concentration of ethanol inside the plasma membrane of organisms, it was necessary to know the volume accounted for in packed organisms by interstitial water and wall water, and the total volume which equilibrates with water. These values were determined by suspending organisms in a solution containing 3H20, which equilibrates with both extracellular and intracellular water, and 36Cl-, which equilibrates with interstitial water and water in the wall but does not penetrate the plasma membrane. Keenan (1981, and unpublished observations) confirmed the claim by Rothstein (1972) that chloride ions are not accumulated by S . cerevisiae. Buffered suspensions of organisms containing 0.001, 1 a 0 or 100 mM-NaC1, including Na3T1, were unable to accumulate chloride ions when incubated at 30 "C for up to 60 min. A very small amount of radioactivity was retained by organisms, representing approximately 0.001 % of the radioactivity included in the range 1-24-2.10 c.p.m. (mg dry wt)-'. This radioactivity could not be removed from organisms by washing with NaC1, and was attributed to a low level of contamination of the Na3T1 with some other radioactive compound.
Portions of culture were rapidly cooled by passing down a spiral glass column surrounded by antifreeze (40%, v/v, ethylene glycol at -5 "C) and organisms harvested by centrifugation (1 3 000 g for 1 min). All subsequent steps were carried out at 4 "C; tubes were flushed with high-purity nitrogen gas before use and at convenient times throughout the procedure. Organisms were washed twice with cold (4 "C) water and resuspended in water at 100 mg dry wt ml-'. A portion (5 ml) of the suspension was dispensed into a tapered centrifuge tube and centrifuged at 27 000 g for 1 min. The supernatant liquid was decanted and the inside of the tube wiped dry with Ethanol tolerance and lipids in S. cerevisiae 1449 filter paper. The organisms were then suspended in 0-8 ml water to which was added 0-I ml jH,O (1.5 pCi mi-'; 55 kBq ml-I) and 0.1 ml 25 m~-N a~~C l (0-3 pCi ml-'; 1 1 kBq ml-I). The suspension was incubated at 4 "C for 20min, the contents of the tubes being inverted twice each minute. The suspension was then centrifuged at 27000 g for 1 min and portions (0.2 ml) of the supernatant liquid were added to vials containing 7 ml scintillation fluid (Unisolve no. 1). The radioactivity of the contents of the vials was measured using an LKB 1215 Rack Beta scintillation spectrometer.
Ethanol concentrations in culture supernatants and extracts were determined by gas-liquid chromatography. A portion (3 ml) of supernatant or extract was diluted as necessary with water; from this, a portion (0.5 ml) was mixed with an equal volume of 0.2% (v/v) acetone in water, and 1 pl of the solution was injected on to the column of a Pye GCD gas chromatograph fitted with a flame ionization detector (oven temperature 300 "C). The column (1.5 m long, 0.4cm internal diam.) was packed with Chromosorb 101 (100/120 mesh) and maintained at 150 "C. The injection oven temperature was 250 "C, and the nitrogen gas carrier flow rate 40 ml min-'. Standards containing 0.05,O-10,O-15 and 0.20% (v/v) ethanol were run with each batch of samples. The value for the peak height multiplied by the retention time for samples was related to ethanol concentration by a standard curve.
Lipid analysis. Before harvesting, a solution (2 ml) containing 10 mg each of cycloheximide and chloramphenicol was injected into the culture through the Suba-seal (Alterthum & Rose, 1973) , and the culture was incubated for a further 15 min. After harvesting, organisms were washed twice with water, and lipid was extracted by a modification of the procedure of Folch et al. (1957) . Washed organisms (500 mg dry wt) were mixed with methanol (10 ml) and the suspension was shaken in a Braun homogenizer for two periods of 30 s at speed 2 (4000 rev. min-') after addition of 35 g glass beads (Sigma type V; 0.45-0.50 mm diam.). Chloroform was then added to the suspension to give the ratio 2 : 1 (v/v) chloroform/methanol, and the suspension was stirred on a flatbed stirrer for 2 h at room temperature (20-22 "C). The suspension was then filtered through Whatman no. 44 filter paper, and the extraction procedure was repeated on the residue. The combined extracts were washed with 0.25 vol. 0.88% (w/v) KCl and the mixture was separated by centrifugation or left to separate overnight at 4 "C. The lower phase was removed and taken to dryness on a rotary evaporator; the residue was immediately dissolved in chloroform/methanol (2:1, v/v). Samples were stored under nitrogen gas at -20 "C. The phospholipid fraction was separated from other lipid classes in extracts by thin layer chromatography on plates of silica gel H (0.5 mm thick) using a solvent system of hexane/diethyl ether/glacial acetic acid (70: 30:2, by vol.). Lipid bands were located by exposing plates to iodine vapour, and were marked with a pin. The phospholipid band was identified by reference to simultaneously run standards of phosphatidylcholine or phosphatidylethanolamine. The iodine was allowed to sublime at room temperature, the phospholipid band was scraped off the plates, and fatty acid methyl esters were prepared by refluxing the silica gel with methanol containing 14% (w/v) BF, for 10 min. After cooling, an equal volume of water was added, and the methyl esters were extracted into chloroform. Fatty-acid methyl esters were analysed by gas-liquid chromatography on a column (2 m) of 15% EGSS-Y supported on 100/120 mesh Gas-Chrom P at 175 "C. The injection port was at 210 OC, and the carrier gas (N,) flow rate was 40 ml min-'. Percentage fatty-acid compositions were calculated by multiplying the retention time by the peak height on the trace.
Viability measurements. Viability of populations was measured by an adaptation of the slide-culture technique (Postgate, 1969) and by staining with methylene blue. Organisms harvested from portions of culture by centrifugation were washed once with MYGP medium which had been filtered through a glass fibre filter (Whatman GF/F; 4.7 cm diam; 0.45 pm pore size), and suspended in the same medium to a concentration of 0.1 mg dry wt ml-l. The suspension was subjected to ultrasound for 20 s using an MSE 100 W ultrasonicator fitted with a 3 mm probe on drive setting 7. A loopful of the sonicated suspension was spread over a block (2 cm diam; 0.2 cm thick) of MYGP medium solidified with 2 % (w/v) agar and contained in a Petri dish. The lid was lined with damp filter paper, and the dish incubated upside down for 7 h at 30 "C or 16 h at 20 "C. The surface of the block was then examined with a phase-contrast microscope, and microcolonies and single organisms were counted in five fields, each of which contained about 60 objects. Viability is expressed as the ratio of the number of microcolonies to the total number of objects. Staining with methylene blue (Fink & Kuhles, 1933) was used to obtain a rapid assessment of the viability of cultures. A portion (1.0 ml) of culture diluted to 0.5 mg dry wt ml-' was stained with methylene blue solution (0.01 %, w/v; containing 2%, w/v, trisodium citrate) for 10 min; 1000 organisms were scored for uptake of the dye.
Chemicals. All chemicals used were' of Analar grade or of the highest purity available commercially. Radioactively labelled chemicals were purchased from Amersham.
R E S U L T S
Time-course of ethanol production in cultures Accumulation of extracellular ethanol closely paralleled growth during the early exponential phase of growth; thereafter the rate of accumulation was slower, but excretion (1 10 mg dry wt) was separated by centrifugation, and submitted to five consecutive washings with 10 ml water at room temperature. The ethanol contents of all washes were adjusted to account for release of interstitial and wall-bound ethanol. After the fifth washing, the organisms were disrupted by shaking with glass beads. Ethanol was not detectable in the suspension of disrupted organisms. Values quoted are the means of two determinations on each of two batches of organisms.
Release of intracellular ethanol Percentage of intracellular Wash no.
[pg (mg dry wt)-'I ethanol released Control cultures (0) were supplemented at 8 h with water (90 ml). Each value is the mean of two independent determinations. continued after growth had ceased (Fig. 1) . Viability was 90-95% in cultures incubated for up to 64 h. Further incubation was accompanied by a decline in viability. The intracellular concentration of ethanol was higher than the concentration in culture supernatants throughout growth of cultures. It was almost constant during the exponential phase of growth, but steadily increased after growth had ceased. The contents of interstitial and wall-bound water and of intracellular water in organisms harvested at different stages of growth are shown in Table 1 . During determinations of intracellular ethanol in organisms from 8 h cultures, ethanol was released when organisms were resuspended in cold culture supernatant, and the amount released was taken into account when calculating intracellular ethanol concentration. This release did not occur with organisms from 16 h, 32 h and 64 h cultures. The ease with which ethanol escaped from organisms during water washing is shown in Table 2 . Under the conditions used, the first washing of the crop of organisms extracted the bulk of the intracellular ethanol; the remainder was completely extracted with two further washings. These results indicate why a method for determining the concentration of intracellular ethanol that did not involve washing of organisms had to be developed. There was a progressive decrease in fatty-acyl unsaturation, and a corresponding proportional increase in saturation, in phospholipids during growth up to 32 h (Table 3) . Incubation for a further 32 h slightly reversed this trend.
Ethanol tolerance and lipids in S. cerevisiae

EfSect of adding ethanol to cultures
Supplementing cultures, after 8 h incubation, with ethanol (0.5 or 1.0 M) retarded growth rate to different extents, while supplementation with 1 -5 M-ethanol immediately stopped growth (Fig. 2) . Viabilities of cultures as measured by the adapted slide-culture technique were unaffected when the cultures were supplemented with ethanol at concentrations up to and including 1.0 M; however, adding 1-5 M-ethanol caused a rapid decline in viability (Fig.  3) . Similar results were obtained when viability was measured by methylene blue staining. When ethanol (0.5, 1-0 or 1.5 M) was added to cultures after 8 h, changes were caused to the fatty-acyl composition of phospholipids extracted from organisms harvested after a further 10 h growth ( Table 4 ). All three concentrations caused an increase in the proportion of mono-unsaturated residues, especially in C Is residues, accompanied by a decrease in the proportion of saturated residues.
D I S C U S S I O N
The linear relationship between growth of organisms and extracellular appearance of ethanol during exponential growth in anaerobic cultures of S . cerevisiae has long been known, and is explained by the fact that ethanol is an end product of the sole energy-generating pathway in S . cerevisiae growing under these conditions (Sols et al., 197 1) . Our data also confirm previous reports that ethanol is excreted in anaerobic cultures of S. cerevisiae for a period that extends after cessation of growth (Holzberg et al., 1967) . The values we report for concentrations of intracellular ethanol in S. cerevisiae differ, however, from those reported by other workers who have failed to recognize two major considerations when making their determinations. The first of these is that ethanol is very rapidly released when organisms are washed with water or buffer. Although they did not report data on the speed at which ethanol is lost from anaerobically grown S . cerevisiae, Navarro & Durand ( 1978) recognized this possibility when they determined the concentration of ethanol in organisms by injecting a suspension of unwashed organisms directly onto a g.1.c. column. However, values reported for the intracellular concentration of ethanol in S . cerevisiae by Nagodawithana & Steinkraus (1976) and Panchal & Stewart (1980) must be viewed critically, since both of these groups of workers washed organisms with buffer before disrupting them and determining the concentration of ethanol in the extract. In order to determine the concentration of intracellular ethanol, values are required for the content of water in the organisms. Previous workers have assumed that this value is constant during batch growth of S . cerevisiae (Navarro & Durand, 1978) . Our data show that this is not so: a decline in the content of water per unit dry weight of organisms was observed as the fermentation proceeded, probably being attributable to accumulation of intracellular glycogen in the later stages of growth (Chester, 1963 (Chester, , 1964 .
Under the conditions used in the present study, excretion of ethanol was always down a concentration gradient, the magnitude of the gradient being smallest around the time growth ceased. This finding conflicts with the claim by Goma et al. (198 1) that, in the later stages of anaerobic growth of S. cereuisiae, ethanol is excreted against a concentration gradient. This conclusion must be viewed critically because of the method used by these workers to calculate concentrations of intracellular ethanol. The data reported in the present paper also negate an earlier claim from this laboratory (Rose & Beavan, 1981) which assumed, incorrectly, that the content of free water in anaerobically growing S. cerevisiae remained constant during batch growth. Passage of ethanol across the yeast plasma membrane down a concentration gradient could be by free diffusion or facilitated diffusion. While there is no evidence which precludes the involvement of a protein, it is generally assumed that movement of ethanol and other alcohols across the microbial plasma membrane is by free diffusion.
Ethanol has long been known to inhibit growth of S. cerevisiae. Both Hinshelwood ( Although previous workers (Jollow et al., 1968) have reported an increase in the proportion of saturated and a decrease in the proportion of unsaturated fatty-acyl residues in total lipids of S. cerevisiae during semi-anaerobic growth, our data are the first to establish the extent to which these changes occur in phospholipids of this yeast. The changes are attributable to the requirement for molecular oxygen in synthesis of coenzyme A esters of unsaturated fatty acids from esters of their saturated counterparts (Bloomfield & Bloch, 1958) . It was therefore unexpected to observe an increase in the proportion of unsaturated fatty-acyl residues in organisms grown in the presence of additional ethanol, although a similar finding has been made by Ingram (1976) with Escherichia coli. It would appear, however, that an increase in the proportion of unsaturated fatty-acyl residues in phospholipids of S . cerevisiae does not indicate net synthesis of additional unsaturated residues. Assuming that ethanol does not affect synthesis of unsaturated residues, a prediction can be made of the fatty-acyl composition of organisms in cultures supplemented with ethanol, by extrapolating using curves of changes in fatty-acyl unsaturation with time for organisms from unsupplemented cultures. A comparison of predicted with observed proportions of the major residues (Table 5 ) reveals a virtually identical A mol-' value for organisms grown in the presence of 0.5 or 1.0 methanol. These data also show a difference between the observed and predicted proportions of C 18:o residues, indicating an increased synthesis of these residues by organisms grown in the presence of 1.0 M-ethanol. A similar finding was reported by Ingram (1976) for aerobically grown E. coli and for Tetrahymena pyrformis by Nandini-Kishore et al. (1979) . This is possibly an adaptation on the part of the organism to high concentrations of ethanol on both sides of the plasma membrane. A stress of a high concentration of an amphipathic compound on both sides of the membrane could cause the monolayers to part, and an increased synthesis of C,, fatty-acyl residues might be viewed as an adaptation to maintain membrane integrity.
